Summary A Eucalyptus dunnii Maiden breeding population of 46 accessions originated in Australia and selected for fitness to subtropical and cold environments was screened by Amplified Fragment Length Polymorphism (AFLP) and microsatellite markers to obtain quantitative estimates of genetic diversity. A randomly chosen group of AFLP primers generated 205 AFLP bands that were used to fingerprint the genotypes and to evaluate genetic relationships among accessions. Sixty-eight percent (140) of the bands were polymorphic markers. The mean diversity index (DI) was 0.33 and about 52% of the loci had values greater than 0.4. Cluster analysis derived from similarity indices (SI) revealed no particular grouping among accessions suggesting the absence of closely related genotypes, except for five pairs of genotypes. Bootstrap analysis results confirmed the suitability of AFLP to describe genetic relationships in this breeding population. In addition, four highly informative microsatellites were used to construct an identification matrix that discriminated nearly all of the genotypes. Mean values for the number of alleles per locus, DI and SI among accessions were 13, 0.78 and 0.19, respectively, indicating that the breeding population has high genetic diversity. However, several genotypes showed the presence of single microsatellite bands suggesting a putatively important degree of homozygosity. Molecular data were used to design a clonal seed orchard. To achieve this aim, the nine most divergent pairs of genotypes were chosen, thereby retaining 95.2% of the total number of alleles from the 140 polymorphic AFLP loci and the four microsatellite loci analyzed. Mean DI and SI for AFLP and microsatellites showed no significant differences between the original breeding population and the selected seed orchard, confirming that a seed orchard can be designed with a limited number of individuals, which allows similar accessions to be discarded and avoids inbreeding.
Introduction
Eucalyptus species are widely cultivated because of their high productivity and suitability for various industrial purposes. Eucalyptus dunnii Maiden is one of the most promising and less exploited species, with a higher growth rate than other Eucalyptus species in the subtropical agro-ecological conditions of Paraná (Brazil), Misiones and Santa Fé (Argentina) (Golfari 1985) . However, the usefulness of E. dunnii is limited because of the low availability of seeds (Báez 1991) .
Qualitative and quantitative knowledge of genetic diversity provides a basis for improving the management of genetic resources in forest tree species. Traditionally, morphological observations and progeny tests have been used as descriptors of genetic variability and biodiversity. These data provide fundamental information on the genetic variability of productivity traits, but their description of the overall genetic variability is limited because they do not cover the complete genome and are usually not neutral to the breeding selective pressure. Although isozyme markers have also been used to assess genetic variability, DNA polymorphisms allow more efficient genome sampling and robust estimation of genetic divergence, variability and discrimination among genotypes (e.g., Grattapaglia 2000) . Furthermore, molecular markers may help complement phenological descriptors in the identification of similar accessions that need to be discarded to avoid inbreeding (Stoehr et al. 1998) .
Amplified Fragment Length Polymorphism (AFLP) is a versatile multilocus molecular marker technique that has been used to identify markers linked to disease resistance loci (Becker et al. 1995 , Cervera et al. 1996 , 2000 , fingerprint accessions , Sharma et al. 1996 , assess relationships between molecular polymorphism and hybrid performance in maize (Ajmone-Marsan et al. 1998) , analyze evolutive and taxonomic relationships in Andean tuber crops (Marcucci Poltri 1998, Tosto and Hopp 2000) and study genetic diversity (Virk et al. 2000) . However, because of their dominance, AFLPs will probably not fully reflect genetic rela-tionships and bias is therefore introduced in the estimation of population-genetics parameters (Isabel et al. 1995 , Szmidt et al. 1996 , Giancola et al. 2003 . In Eucalyptus, AFLP was used by to estimate outcross rates in a breeding population of Eucalyptus urophylla S.T. Blake, and by Marques et al. (1998 Marques et al. ( , 1999 for genetic mapping.
Another marker for analysis of genetic diversity is Simple Sequence Repeats (SSR) or microsatellites. The SSR are hypervariable genomic regions characterized by short tandem repeated sequences of di-, tri-, tetra-or pentanucleotide units that are distributed throughout the genomes of most eukaryotic species. The SSR technique is widely used because of its codominant nature, reproducibility, and high information content (UPOV 1995) . Eucalyptus SSR were developed for Eucalyptus grandis (Hill) Maiden, E. urophylla (Brondani et al. 1998) , Eucalyptus nitens Maiden (Byrne et al. 1996) and E. globulus spp. globulus Labill (Marshall and Russell 1999) . The SSR are conserved across Eucalyptus species (Byrne et al. 1996 , Kirst et al. 1997 , Brondani et al. 1998 , allowing their use in species like E. dunnii for which they were not originally developed (Marcucci Poltri et al. 2001) . Although SSR and AFLP provide valuable information on genetic diversity and genetic relationships among genotypes, their use in seed orchard design has not yet been explored. We analyzed the genetic variability of an established breeding population (previously selected on the basis of phenotypic traits) by using molecular markers. We also assessed the putative degree of homozygosity, the presence of duplicated accessions and the development of an identification matrix. In addition, molecular data were used to design a clonal seed orchard comprising a limited number of individuals without significant loss of genetic diversity but with reduced inbreeding effects compared with the established breeding population.
Materials and methods

Plant material
The first breeding population (Population 1) consisted of introduced clonal trees belonging to commercial populations originated in Moleton and Urbenville, Australia. A group of 46 accessions of E. dunnii were selected on the basis of bole and treetop shape and high growth rate, and incorporated in a long-term breeding program initiated in 1984 in Buenos Aires and Santa Fé, Argentina. Genotypes have been cloned and registered with their corresponding accession numbers in the clonal germplasm bank of Instituto de Recursos Biológicos, (CIRN-CNIA INTA Castelar, CC 25, 1712 Castelar, Argentina) . A second, more recent breeding population (Population 2), selected for high growth rate, bole shape and wood density, consisted of 162 genotypes belonging to 30 families of trees collected from locations in New South Wales (Urbenville, Acacia Creek, South Yabra, Boomi Creek, Oaky Creek and Dead Horse Track) representing a larger geographic distribution than Population 1.
Extraction and analysis of DNA
The DNA was extracted by the CTAB method (Hoisington et al. 1994 ) with minor modifications to avoid oil precipitation. Briefly, instead of using isopropanol in the precipitation step, samples were diluted in twice the volume of 10 mM Tris-HCl, 1 mM EDTA buffer and precipitated with 2.5 volumes of ethanol and 300 mM sodium acetate.
The AFLP protocol was carried out as described by Khan et al. (2000) . Adaptors and primers used were as described by KeyGene (The Netherlands) (EcoRI adaptors: 5′-CTCGTAG ACTGCGTATACC-3′ and 5′-AATTGGTACGCAGTC-3′; MseI adaptors: 5′-GACGATGAGTCCTGAG-3′ and 5′-TACT CAGGACTCAT-3′; for preamplification: GACTGCGTACCA ATTCA (E01) and GATGAGTCCTGAGTAAA (M01); and for selective amplifications: AGT (E42), ATG (E45), ATT (E46), AGC (M40), AGG (M41), ATA (M43) and ATC (M44)). The PCR products were separated in 6% w/v denaturing polyacrylamide gels and silver stained (Promega Sequencing Silver staining kit, Promega-Biotech, USA).
Microsatellite amplification, protocols and primers were as described by Brondani et al. (1998) . Assayed primers were EMBRA 2 (linkage group 11), EMBRA 5 (linkage group 5), EMBRA 6 (linkage group 1) and EMBRA15 (linkage group 8); all were designed and mapped in E. grandis and E. urophylla. The PCR products were silver stained as described for the AFLP protocol.
Data analysis
To estimate genetic relationships between genotypes, the AFLP bands and microsatellite alleles were codified as 0 or 1 for the absence or presence of bands, respectively. The presence of each band was considered an independent variable (locus) for AFLP and microsatellite, only for the calculation of the similarity matrix. The similarity index (SI; Jaccard 1908) was computed by using the NTSYS-pc program (Rohlf 1997) . Cluster analysis was carried out with SAHN and UPGMA algorithms. Goodness of fit of the dendrograms was assessed by the Mantel test statistic of the NTSYS MXCOMP function (Rohlf 1997) . Significance of Z was determined by comparing the observed Z value with a critical Z value obtained from its permutational distribution. This distribution was derived by calculating Z values for one matrix with 100 permuted variants of a second matrix.
The degree of polymorphism measured by AFLP was quantified by the diversity index (DI; also named HE: expected heterozygosity, Nei 1973) formula: DI = 1 -
∑ where p i is the frequency of the ith allele, as described by Milbourne et al. (1997) for potato, Powell et al. (1996) for soybean and Brondani et al. (1998) for Eucalyptus. Calculations of AFLP mean DI (140 bands) and microsatellite mean DI (four loci, 50 bands) were carried out separately. The presence of each band was considered as an independent variable (locus) for AFLP, whereas for microsatellites codification of the bands was computed according to the specific locus (see below). Each AFLP band was classified according to its relative electrophoretic migration compared with a molecular size marker and named according to its apparent size. Thus, each tree accession was classified according to the displayed band pattern.
For each microsatellite locus, the same diversity formula was applied, where p i denotes the frequency of the ith allele in the pool of total alleles for that locus. Microsatellite bands were classified according to their relative electrophoretic migration compared with a molecular size marker and named according to their apparent size. Bands amplified with the same primer pair showing a distinctive apparent size were considered a different allele for the same locus. Each tree accession was classified according to the displayed band pattern. The presence of only one allele at a locus for a given microsatellite was considered as a homozygous state of the allele, assuming the absence of null alleles.
Comparisons between the two breeding populations were performed using SSR information of equal sample sizes, after bootstrapping the largest population 30 times the maximum possible sample size (n = 46, i.e., the complete size of the oldest breeding population versus the 30 random sampling subsets of 46 individuals derived from the newer breeding population of 162 genotypes). One sample t-test was applied to compare DI, mean SI and log-transformed allele number values.
Confidence of similarity values was assessed according to Spooner et al. (1996) . For this assessment, 100 bootstrap samples were drawn, each with the following number of variables (bands): 20, 40, 60, 80, 100, 120. The similarity between genotypes was calculated for each bootstrap sample. Variance among bootstrap samples for each pair of genotypes was standardized by using the coefficient of variation (CV).
Results and discussion
Assessment of genetic variability by AFLP
To estimate genetic variability in E. dunnii, 46 selected genotypes belonging to an established breeding population were screened with AFLP and microsatellite markers. Four AFLP primer combinations were randomly selected, allowing the detection of 205 bands (average of 53 bands per genotype), 68% (140) of which were polymorphic markers. The number of polymorphic bands ranged from 17 to 54 with a mean of 35 (and a standard deviation (SD) of 13.9) per primer combination. Mean DI was 0.33 (SD 0.134) and about 52% of the loci had values greater than 0.4. Thus, the different polymorphic markers in this E. dunnii breeding population showed high DI values (the maximum DI for this kind of marker is 0.5) and behaved as statistically independent from each other except for two variables (AFLP bands) that presented the same pattern of distribution. These results confirm the usefulness of AFLP to evaluate genetic variability in the present study of E. dunnii.
Similarity indices (SI) were used to establish similarity relationships between genotypes, and the mean SI was 0.38 (SD 0.0769). Cluster analysis indicated no particular grouping among accessions (Figure 1) (Figure 2 ). The predicted value of CV (for 140 variables) was 8.8 (α = 0.05), ranging from 8.5 to 9.2. The variation detected between similarity values was comparable with that obtained, for example, among Brassica species, which are known to be highly variable (Thormann et al. 1994 ).
Assessment of genetic variability by microsatellites
Four microsatellite markers were selected based on their description value using Brazilian Eucalyptus germplasm and resolution of banding patterns (Brondani et al. 1998 ). They revealed a high amount of polymorphism in E. dunnii (Table 1 , Figure 3 ). Several individual trees showed only one allele per locus. This can be explained by homozygosity (assuming the absence of null alleles). However, because no progeny tests were carried out, this hypothesis was not confirmed. The number of alleles ranged from 10 to 14 and homozygous genotypes ranged from 20% (EMBRA 6) to 52% (EMBRA 15; see Table 2 ). Thus, 74% of the genotypes were homozygous for at least one locus. The DI values ranged from 0.65 to 0.88 with a mean of 0.78 (SD 0.104). The calculated DI was higher than the observed heterozygosity (Table 2) . Four markers were sufficient to identify 50 different alleles that almost uniquely fingerprint every accession analyzed in this work. From the five pairs of closely related genotypes identified by AFLP, four pairs (c-184/c-202-31, c-161/c-D5, c-193ph/c-D8 and c-134/ c-D3) could not be differentiated using microsatellite markers, confirming their close relationship (see boxes in Figure 1 ). Only one pair-c-127 and O2-127-displayed differential EMBRA 2 microsatellite alleles. Allele size range of microsatellite loci EMBRA 5 and EMBRA 6 were in good agreement with those described by Brondani et al. (1998) for 16 genotypes of E. urophylla and E. grandis. However, microsatellite locus EMBRA 15 showed a new allele, which was smaller (77 bp) than any of those described by Brondani et al. (1998) .
In addition to their usefulness as fingerprinting markers, microsatellite markers provided an assessment of genetic variability, although preliminary because of the limited number of loci analyzed. Mean SI among accessions measured by micro-628 MARCUCCI POLTRI ET AL.
TREE PHYSIOLOGY VOLUME 23, 2003 (SD 0.125 ). This value is much lower than that calculated by AFLP markers, as expected for these polymorphic markers. Table 2 presents DI values and allele numbers for each microsatellite. The genetic diversity of Population 1, which dates from 1984, was compared with Population 2-a more recent breeding population originated from germ plasm collected from a wider distribution of Australian localities. Both breeding populations were selected solely on forest traits. Thirty randomized samples of n = 46 were constructed from 162 genotypes belonging to 30 families (Population 2) and compared with the breeding population of 46 individuals (Population 1). Mean DI and SI as well as mean allele number did not differ significantly between populations (one-sample t-test), suggesting that these two independently designed breeding populations have similar genetic variability.
Clonal seed orchard design
The reduction in genetic variability in breeding populations is essentially a result of directional selection coupled with the buildup of inbreeding resulting from coancestry and genetic drift. Conservation of genetic diversity in long-term breeding programs depends on genetic differentiation within the seed orchard and the presence of low frequency alleles. In this context, molecular markers provide valuable information on genetic variability that can be used to design seed orchards for Eucalyptus breeding programs. However, molecular markers have rarely been used to design seed orchards (but see Hosius et al. (2000) for silver fir), although Bergmann and Ruetz TREE PHYSIOLOGY ONLINE at http://heronpublishing.com EUCALYPTUS SEED ORCHARD SELECTION USING MOLECULAR MARKERS 629 [32] [33] [34] 38, 46 = control DNA 128/130 bp; 51 = control DNA 148 bp; (1991) used allozyme markers to design a spruce seed orchard. Selected individuals for seed orchards should have good genetic properties and should maximize genetic variability, to ensure an adequate genetic base for long-term breeding programs (Lindgren et al. 1989 , Hosius et al. 2000 . Genetic variability is important to minimize the impact of self-pollination and parent imbalance in Eucalyptus. Selection of genetically divergent genotypes can help minimize the risks of inbreeding in long-term populations and potentially increase heterosis. Inbreeding depression was found to be severe in E. globulus (Griffin and Cotterill 1988, Potts et al. 1999 ) and E. grandis (Campinhos et al. 1998 ) breeding programs.
Based on the results of our genomic analysis, we designed a clonal seed orchard based on 18 selected genotypes (bold text in Table 1) , with the aim of minimizing the number of genetically related genotypes and including most of the rare alleles. We found several rare alleles with a frequency below 5% (0.142 relative to the total number of alleles, including AFLP data). Selection of clones was performed by taking into account the pair-wise genetic similarities (selecting those trees with values lower than the average minus 1.5 standard deviation, taking AFLP data into account) and the conservation of rare alleles, supported by the fact that they have similar breeding values. The 18 selected genotypes had the same average genetic similarity and harbored 95.2% of the total alleles out of the 144 polymorphic loci considered (AFLP and SSR). Figure 4a shows the distribution of DI for the 140 AFLP bands for the seed orchard population and breeding Population 1. Mean DI measured by AFLP between the designed seed orchard and the breeding population were not significantly different (Kruskal-Wallis ANOVA by ranks test, P = 0.769).
Analysis of mean SI and distribution confirmed that selection of a seed orchard comprising a limited number of individuals is possible without a significant reduction in genetic variability. Mean SI determined by AFLP for the seed orchard population was 0.35 (SD 0.068) compared with 0.38 (SD 0.0769) for the whole population of 46 genotypes. A histogram representing the distribution of SI is shown in Figure 4b . We compared mean SI for the designed seed orchard with the distribution of SI obtained from each of the 100 random samples of 18 genotypes sampled from breeding Population 1. We found that mean SI was within 1% of the lower values of the distribution (data not shown). This is a good indication that the 630 MARCUCCI POLTRI ET AL.
TREE PHYSIOLOGY VOLUME 23, 2003 , where SI values ranged from 0.34 to 0.56 measured by AFLP. Microsatellite marker data were consistent with the AFLP data: mean DI determined by microsatellites of the designed seed orchard subpopulation was 0.73 (SD 0.15) compared with 0.78 (SD 0.10) for the original breeding Population 1 (Table 2).
